We explore the possibility that the discrepancy in the observed anomalous magnetic moment of the muon ∆a µ and the predicted relic abundance of Dark Matter by Planck data, can be explained in a lepto-philic 2-HDM augmented by a real SM singlet scalar of mass ∼ 10-80 GeV. We constrain the model from the observed Higgs Decay width at LHC, LEP searches for low mass exotic scalars and anomalous magnetic moment of an electron ∆a e . This constrained light singlet scalar serves as a portal for the fermionic Dark Matter, which contributes to the required relic density of the universe. The model is found to be consistent with the present observations from the Direct and Indirect DM detection experiments.
Introduction
Investigations into the nature of dark matter (DM) particles and their interactions is an important field of research in Astro-particle physics. The Atlas and CMS collaborations [1, 2] at the Large Hadron Collider (LHC) are searching for the signature of DM particles involving missing energy ( E T ) accompanied by a single or two jet events. Direct detection experiments measure the nuclear-recoil energy and its spectrum in DM-Nucleon elastic scattering [3, 4] . In addition, there are Indirect detection experiment [5] searching for the DM annihilation into photons and neutrinos in cosmic rays. These experiments have now reached a level of sensitivity where a significant part of parameter space required for the observed relic density, if contributed by the dark matter composed of Weakly interacting massive particles (WIMPs) that survive as thermal relics, has been excluded. The null results of these direct and indirect experiments have given rise to the consideration of ideas where the dark matter is restricted to couple exclusively to either Standard Model (SM) leptons (lepto-philic) or only to top quarks (top-philic). In these scenarios the DM-Nucleon scattering occurs only at the loop level and the constraints from direct detection are weaker.
Recently a simplified Dark Higgs portal model of the order of few GeV, that couples predominantly to leptons with the coupling constant ∼ m l /v o where m l is the lepton mass and v o is the Higgs VEV, has been considered in the literature [6] . This model induces large contribution to the anomalous magnetic moment of muon and can explain the existing discrepancy between the experimental observation a exp µ = 11 659 209.1(5.4)(3.3)×10 −10 [7] and theoretical prediction a SM µ = 116 591 823(1)(34)(26) ×10 −11 [7, 8] of the muon anomalous magnetic moment ∆a µ ≡ a exp µ − − a SM µ − = 268(63) × 10 −11 [7] without compromising the experimental measurement of electron anomalous magnetic moment a exp e = (1159.65218091 ± 0.00000026) × 10 −6 [9] . It has been shown in the literature [10] , that with the inclusion of an additional singlet scalar below the electro-weak scale to the lepto-philic 2-HDM makes the model UV complete. This UV complete model with an extra singlet scalar ∼ < 10 GeV successfully explains the existing 3 σ discrepancy of muon anomalous magnetic moment and is consistent with the constraints on the model parameters from muon and meson decays [11] [12] [13] [14] . These results have been analyzed for 0.01 GeV < m S 0 < 10 GeV when compared with those for the singlet neutral vector Z searches at B factories such as BaBar [15] , from electron beam dump experiments [16] and electroweak precision experiments [17] etc.
In reference [18] , the authors have explored the possibility of explaining the anomalous magnetic moment of muon with an additional lepto-philic light scalar mediator assuming the universal coupling of the scalar with all leptons constrained from the LEP [19] resonant production and the BaBar experiments [15] . These constraints were found to exclude all of the scalar mediator mass range except between 10 MeV and 300 MeV.
In the current paper we consider fermionic dark matter that couples predominately with SM leptons through the non-universal couplings with the scalar portal in the UV complete lepto-philic 2-HDM model. We relax the requirement of the very light scalar considered in [10] and investigate parameter space for a comparatively heavier scalar 10 GeV m S 0 80 GeV. In section 2, we give a brief review of this simplified model, using the full Lagrangian and couplings of the Singlet scalar S 0 with all model particles. In section 3, we calculate the contribution from scalars (S 0 , H 0 , A 0 , H ± ) to the anomalous magnetic moment of the muon and discuss bounds on the model parameters from LEP-II, ∆a e and upper bound on the observed total Higgs decay width. In section 4, we further restrict the parameter space from the observed relic density, direct and indirect experimental data by keeping the parameters consistent with observed value of the ∆a µ . Section 5 is devoted to discussion and summary of results.
The Model
We consider a UV complete lepton specific 2-HDM with a singlet scalar portal interacting with the fermionic DM. In this model the two Higgs doublets Φ 1 and Φ 2 so arranged that Φ 1 couples exclusively to leptons while Φ 2 couples exclusively to quarks. The ratio of their VEV's Φ 1 / Φ 2 ≡ v 2 / v 1 = tan β is assumed to be large. In this model the scalars (other than that identified with the CP even h 0 ∼ 125 GeV) couple to leptons with coupling enhanced by tan β. A mixing term in the potential
The full scalar potential is given by
where CP conserving V 2−HDM is given as
and V ϕ 0 and V portal is assumed to be
where the scalar doublets
are written in terms of the mass eigenstates G 0 , A 0 , G ± and H ∓ as
(2.7)
Here G 0 & G ± are Nambu-Goldstone Bosons absorbed by the Z 0 and W ± vector Bosons, A 0 is the pseudo-scalar and H ± are the charged Higgs. The neutral scalar states too are written in terms of mass eigen-states and in the perturbation limit are given by.
The additional mixing angles δ 13 and δ 23 are given as
9)
This configuration of mixing matrix holds for small δ 13 , δ 23 , such that sin δ 13 δ 13 , sin δ 23 δ 23 and ξ h 0 l is chosen to be ∼ 1 in the alignment i.e. (β − α) π/2.
-- Table 1 : Values of ξ φ ψ and ξ φ V for φ = S 0 , h 0 , H 0 , A 0 and H ± ; ψ = , u q and d q ; V = W ± and Z 0 in the lepto-philic 2-HDM+S 0 model. These values coincide with couplings given in reference [10] in the alignment limit i.e. (β − α) π/2. In the table s and c stands for sin and cos respectively.
The spectrum of the model at the electro-weak scale is dominated by V 2−HDM . The V ϕ 0 and V portal interactions are treated as perturbations. After diagonalization of the scalar mass matrix, the masses of the physical neutral scalars are given by
(2.12)
In the alignment limit, one of the neutral CP even scalar h 0 ≈ 125 GeV is identified with the SM Higgs. The coefficients m 2 0 , m 2 11 , m 2 22 and λ i for i = 1, · · ·, 5 are explicitly defined in terms of the physical scalar masses, mixing angles α and β and the free parameter m 2 12 and are given in the Appendix A. Terms associated with A 11 are proportional to cot β and therefore can be neglected as they are highly suppressed in the large tan β limit. Terms proportional to A 22 are tightly constrained from the existing data at LHC on decay of a heavy exotic scalar to di-higgs channel and therefore they are dropped. The coefficient B is fixed by redefinition of the field ϕ 0 to avoid a non-zero VEV for itself.
The Yukawa couplings arising due Higgs Doublets Φ 1 and Φ 2 in type-X 2-HDM is given by
We re-write the Yukawa interactions of the physical neutral states as
The couplings ξ φ ψ are given in the first three rows of table 1. It is important to mention here that the Yukawa couplings are proportional to the fermion mass i.e. non-universal unlike the consideration in reference [18] . We also observe that in the large tan β limit regime, the Yukawa couplings due to additional neutral scalars H 0 & S 0 in the lepton and quark sectors are enhanced and suppressed by tan β respectively.
The interaction of the neutral scalar mass eigenstates with the weak gauge Bosons are given by
The couplings ξ φ V are given in the last row of table 1. It is to be noted that for m H 0 >> m h 0 , the singlet scalar coupling with Z 0 Boson can be fairly approximated as δ 23 sin β.
The triple scalar couplings of the mass eigen states are given in the Appendix D, some of which can be constrained from the observed Higgs decay width and exotic scalar Boson searches at LEP, TeVatron and LHC.
Electro-Weak Constraints

Anomalous Magnetic Moment of Muon
We begin our analysis by evaluating the parameter space allowed from 3 σ discrepancy a exp µ − − a SM µ − ≡ ∆a µ = 268(63) × 10 −11 [7] . In lepto-philic 2-HDM + singlet scalar portal model all five additional scalars S 0 , H 0 , A 0 , H ± couple to leptons with the coupling strengths given in table 1 and thus give contributions to ∆a µ at the one-loop level and are expressed as:
Here I i are the integrals given as
We observe that in the limit r i << 1 the charged scalar integral I H ± is suppressed by 2-3 orders of magnitude in comparison to the other integrals for the masses of the scalars varying between 150 GeV ∼ 1.6 TeV. Since the present lower bound on the charged Higgs mass from its searches at LHC is 600 GeV [20] , we can neglect its contribution to the ∆a µ in our calculations.
It is also important to note that the one loop contribution from the pseudo-scalar integral I A 0 is opposite in sign to that of the other neutral scalars I H 0 , h 0 , S 0 , while at the level of two loops the Barr-Zee diagrams [21] , it gives positive contribution to ∆a µ which may be sizable for low pseudo-scalar mass m A 0 because of large value of the coupling ξ A 0 l . However, for heavy A 0 and H 0 considered here, we can safely neglect the two loop contributions. To understand the model we study the correlation of the two mixing parameters δ 13 and δ 23 satisfying the ∆a µ for a given set of input masses of the physical scalars and show four correlation plots in figures 1a, 1b, 1c and 1d for varying δ 13 . We have chosen six singlet scalar masses 10, 20, 30, 40, 50, and 60 GeV. In each panel m H 0 and m A 0 are kept fixed at values, namely (a)
We find that relatively larger values of δ 13 are required with the increase in scalar mass m S 0 . Increase in the pseudo-scalar mass m A 0 for fixed m H 0 results in the lower value of δ 13 required to obtain the observed ∆a µ . We find that δ 23 remains small enough for all the parameter space in order to fulfil small angle approximation.
On imposing the perturbativity constraints on the Yukawa coupling ξ H 0 τ ≡ tan β m τ /v 0 involving the τ ± and H 0 , we compute the upper bound on the model parameter tan β 485. As a consequence, we observe that the values of δ 23 also gets restricted for each variation curve exhibited in figures 1a, 1b, 1c and 1d.
The contours satisfying ∆a µ = 268(63) × 10 −11 on m S 0tan β plane for fixed charged As expected the allowed value of tan β increases with the increasing singlet scalar mass m S 0 and decreasing mixing angle δ 13 . We find that a very narrow region of the singlet scalar mass is allowed by ∆a µ corresponding to δ 13 ≤ 0.1. [22] 3.2 LEP and ∆a e Constraints Searches for the light neutral Bosons were explored in the Higgs associated vector Boson production channels at LEP [22] . We consider the s-channel bremsstrahlung process e + e − → Z 0 /γ 0 + h 0 → τ + τ − τ + τ − whose production cross-section can be expressed in terms of the SM h 0 Z 0 production cross-section and given as
Since the BR S 0 → τ + τ − 1, we can compute the exclusion limit on the upper bound [22] , which are shown in table 2 for some chosen values of singlet scalar masses in the alignment limit.
A light neutral Vector mediator Z 0 has also been extensively searched at LEP [19] . Vector mediator Z 0 of mass ≤ 209 GeV is ruled out for coupling to muons 0.01 [18] . Assuming the same production cross-section corresponding to a light scalar mediator, the constraint on vector coupling can be translated to scalar coupling by multiplying a factor of √ 2. For the case of non-universal couplings where the scalar couples to the leptons with the strength proportional to its mass as is the case in our model, a further factor of mµ me is multiplied. We therefore find the upper limit on the Yukawa coupling for leptons to be
From the constrained parameter space of the model explaining the muon ∆a µ , we find that the total contribution to anomalous magnetic moment of the electron comes out ∼ 10 −15 . This is two order smaller in the magnitude than the error in the measurement of a e ±2.6 × 10 −13 [9] . The present model is thus capable of accounting for the observed experimental discrepancy in the ∆a µ without transgressing the allowed ∆a e .
Constraints from Higgs decay-width
Recently a detailed analysis at a projected luminosity of 3 ab −1 was performed by ATLAS [23, 24] to extract the Higgs width exclusively through the four lepton channel and predicted the total Higgs decay width to be Γ h 0 = 4.2 +1.5 −2.1 MeV. It is important to mention that the total width of a 125 GeV SM Higgs boson is Γ SM H = 4.07 MeV, with a relative uncertainty of +4.0% −3.9% .
-8 - However, in the present model, the scalar identified with SM Higgs Boson h 0 is in addition likely to decay into two light singlet scalar portals
The partial decay width Γ h 0 →S 0 S 0 is given as
The tri-scalar coupling C h 0 S 0 S 0 is given in equation D.1.
As total Higgs decay width is known with a fair accuracy, any contribution coming from other than SM particles should fit into the combined theoretical and experimental uncertainty. Thus, using the LHC data on total Higgs decay-width, we can put an upper limit on the tri-scalar coupling C h 0 S 0 S 0 . This upper limit is then used to constrain the parameter space of the model. Even restricting the parameter sets to satisfy the anomalous magnetic moment and LEP observations, the model parameter m 2 12 remains unconstrained. However, for a given choice of δ 13 , m H 0 , m A 0 and m S 0 an upper limit on |C h 0 S 0 S 0 | constrains m 2 12 and thus fixes the model for further validation at colliders.
We study the partial decay-width The top horizontal band in all the four panels corresponds to the forbidden region arising from the observed total Higgs decay width at LHC. We find that constraints from the total Higgs decay width further shrinks the parameter space allowed by ∆a µ between 10 GeV ≤ m S 0 ≤ 62 GeV corresponding to 100 GeV 2 ≥ m 2 12 ≥ 10 GeV 2 . To have better insight of the bearings on the model from the observed total Higgs decay width we plot the contours on the m S 0 − m H 0 plane in figures 4a, 4b, 4c and 4d satisfying the upper limit on the partial decay width Γ max.
h 0 →S 0 S 0 for four choices of m 2 12 respectively. In each panel, three curves depict the upper limits on the partial widths which are derived from the constraints on the total decay width from LHC corresponding to three chosen values m A 0 = 200, 400 and 600 GeV respectively. We note that with increasing m 2 12 the allowed dark shaded region shrinks and remains confined towards a lighter m S 0 .
Dark matter Phenomenology
We introduce a spin 1/2 fermionic dark matter particle χ which is taken to be a SM singlet with zero-hyper-charge and is odd under a discrete Z 2 symmetry. The DM χ interacts with the SM particle through the scalar portal S 0 . The interaction Lagrangian L DM is given as
We are now equipped to compute the relic density of the DM, the scattering cross-section of such DM with the nucleon and its indirect detection annihilation cross-section.
Computation of the Relic Density
In early universe, when temperature of the thermal bath was much greater than the corresponding mass of the particle species, the particles were in thermal equilibrium with the background. This equilibrium was maintained through interactions such as annihilation and scattering with other SM particles, such that the interaction rate remained greater than the expansion rate of the universe. As the Universe cooled, massive particles such as our DM candidate χ, became non-relativistic and the interaction rate with other particles became lower than the expansion rate of the universe, hence decoupling the DM and giving us the relic abundance 0.119 [25, 26] we observe today. Evolution of the number density of the DM n χ is governed by the Boltzmann equation:
whereȧ a = 8πρ 3 M P l , σ | v| is thermally averaged cross-section and
where g is the degrees of freedom, and it is 2 for fermions. As for a massive thermal relics, freeze-out occurs when the species is non-relativistic | v| << c. Therefore, we expand σ | v| as σ | v| = a + b | v| 2 + O(| v| 4 ). The Boltzmann equation can be solved to give the thermal relic density [27] Ω χ h 2 1.07 × 10 9 x F M P l g * (x F )(a + 6b x F ) Figure 5 : Figures 5a and 5b show contours on the m χλ χS 0 plane satisfying the relic density 0.119 [25, 26] for fixed m H ± = 600 GeV, m A 0 = 200 GeV, δ 13 = 0.4 and two different choices of m 2 12 = 30 and 50 GeV 2 respectively. All points on the contours satisfy the discrepancy ∆a µ = 268(63) ×10 −11 . In the left and right panels, we show allowed (shaded) regions for four and five combinations of m S 0 , m H 0 respectively.
where h is dimensionless Hubble parameter, g * (x F ) is total number of dynamic degrees of freedom near freeze-out temperature T F and x F = mχ T F is given by
where c is of the order 1. The thermal-averaged scattering cross-sections as a function of DM mass m χ are given in the Appendix C.
To compute relic density numerically, we have used MadDM [28] and MadGraph [29] . We have generated the input model file required by MadGraph using FeynRules [30] , which calculates all the required couplings and Feynman rules by using the full Lagrangian.
In figures 5a and 5b, we depict the contours of constant relic density 0.119 [25, 26] in λ χS 0 (DM coupling) and m χ (DM mass) plane for fixed charged Higgs mass of 600 GeV, Pseudo-scalar mass of 200 GeV and mixing angle δ 13 , corresponding to m 2 12 = 30 and 50 GeV 2 respectively. The un-shaded parameter regions of DM are not allowed as they are going to over-close the universe. We observe the successive dips in the relic density contours as the additional DM annihilation channel opens up to contribute to the relic density with the increasing DM mass. Initial dip is caused by s-channel propagator. Dip observed around 0. 
Direct Detection
Direct detection of DM measures the recoil generated by DM interaction with matter. For the case of lepto-philic DM, we have tree level DM-Electron interaction, where DM can scatter with electron in-elastically, leading to ionization of the atom to which it is bound or elastically, where excitation of atom is succeeded by de-excitation, releasing a photon. The DM-Nucleon scattering in this model occurs at the loop level and though suppressed by one or two powers of α em multiplied by the loop factor, it vastly dominates over the DM-Electron and DM-Atom scattering [33] [34] [35] .
In the lepto-philic 2-HDM + singlet scalar model considered here, the DM-Nucleon scattering arises through scalar-gluon-gluon coupling described by the effective Lagrangian.
where the loop integral F s
S 0 is given in Appendix C. The effective DM-gluon interaction can then be described by the effective Lagrangian. = 30 and 50 GeV 2 respectively. All points on the contours satisfy the relic density 0.119 and also explain the discrepancy ∆a µ = 268(63) × 10 −11 . In the left and right panels, we plot the variation curves (bold lines) and allowed (shaded) regions for four and five combinations of m S 0 and m H 0 respectively. The upper limit from PANDA 2X-II 2017 [36] and XENON-1T [37, 38] are also shown along with the forbidden region shaded in red.
This interaction contributes to spin-independent DM-Nucleon scattering cross-section, which is given by
Using the above expression we have plotted the spin-independent DM-Nucleon scattering cross-section as a function of the the DM -singlet scalar coupling λ χS 0 with fixed charged Higgs mass of 600 GeV, Pseudo-scalar mass of 200 GeV and mixing angle δ 13 = 0.4, corresponding to m 2 12 = 30 and 50 GeV 2 in figures 6a and 6b respectively. The parameter sets used to compute the Direct Detection cross-section are consistent with the observed relic density of .119 as given in figures 5a and 5b. Current bounds from spin-independent experiments like PANDA 2X-II 2017 [36] and XENON-1T [37, 38] are also shown. It can be seen that most of the parameter space for m S 0 less than 10 GeV is ruled out by the current bounds. Figure 7 : Figures 7a and 7b show the velocity-averaged scattering cross-section < σv > τ + τ − variation with the m χ for fixed m H ± = 600 GeV, m A 0 = 200 GeV, δ 13 = 0.4 and two different choices of m 2 12 = 30 and 50 GeV 2 respectively. All points on the contours satisfy the relic density 0.119 and also explain the discrepancy ∆a µ = 268(63) × 10 −11 . In the left and right panels, we plot the variation curves (bold lines) and allowed (shaded) regions for four and five combinations of m S 0 and m H 0 respectively. The upper limit on velocity-averaged annihilation cross-section observed from Fermi-LAT,HESS etc. are at least three order of magnitude higher than the cross-section predicted by the model.
Indirect detection
Observations of diffused gamma rays from the regions of our Galaxy, such as Galactic Centre (GC) and dwarf spheroidal galaxies (dsphs), where DM density appears to be high, impose bounds on DM annihilation to SM particles. Experiments like Fermi-LAT [39, 40] and H.E.S.S. [41] have investigated DM annihilation as a possible source of the incoming photonflux. These experiments provide us with an upper-limit to velocity-averaged scattering cross-section for various channels, which can attribute to the observed photon-flux.
In the present model, the fermionic DM can annihilate to SM particles via the scalar portal as discussed previously. As scalar portal coupling with leptons is enhanced by m l tan β, we findχχ → τ + τ − as the dominant process. The processχχ → γγ also exists through the triangle loop in the present model and has been computed in the Appendix C, but is found to be highly suppressed.
In figures 7a and 7b we plot the velocity-averaged scattering cross-sections σv (χχ → τ + τ − ) as a function of the the DM -scalar portal coupling λ χS 0 for varying m S 0 , with fixed charged Higgs mass of 600 GeV, Pseudo-scalar mass of 200 GeV and mixing angle δ 13 = 0.4, corresponding to m 2 12 = 30 and 50 GeV 2 respectively. The parameter sets used to compute the In-direct Detection thermal averaged cross-section are consistent with the observed relic density of .119 as given in figures 5a and 5b.
We observe that the velocity averaged scattering cross-sections σv (χχ → τ + τ − ) is p-wave suppressed and is, therefore, sensitive to the choice of velocity distribution of the DM in the galaxy. We find that the annihilation cross-sections are at least three orders of magnitude smaller than the current upper-limit 10 −27 cm 3 /s [41] extracted from the experiments. We have used 220 Km/s (average escape velocity of galaxy) as the average velocity of the DM.
Summary
In this article we have made an attempt to address the observed discrepancy in anomalous magnetic moment of muon by considering a lepto-philic type X 2-HDM and a singlet scalar portal for fermionic DM. We have presented the model in such a manner where most of it's scalar sector parameters can be constrained in terms of the lower bound on the physical neutral and charged scalar's masses derived from the direct and indirect searches at LEP and LHC.
The model is analysed in the alignment limit, where one of its scalar is identified with the Higgs Boson of SM and the Yukawa couplings of fermions with the singlet scalar are found to be proportional to mass of the fermions i.e. non-universal. It is then validated with low energy constraints. We have illustrated the constraints from anomalous magnetic moment in figures 1 and 2 and fixed the parameters tan β and δ 23 for a given δ 13 , which is chosen to be 0.4 for our further analysis. Contrary to the results obtained in reference [18] for the singlet scalar with mass lying between 10 -300 MeV with universal couplings to leptons, this study establishes the acceptability of the model to explain the discrepancy ∆a m u for singlet scalar masses lying between 10 GeV ≤ 80 GeV with couplings to leptons being non-universal. The requirement of the Yukawa coupling H 0 τ + τ − to remain perturbative further imposes an upper limit tan β ≤ 485 which in turn provides the upper bound on the allowed mass range of singlet scalars to be ∼ 80 GeV.
Exclusion limits on the couplings of SM gauge Bosons with the singlet scalars are obtained from the process e + e − → Z 0 S 0 at LEP-II experiment and have been displayed in table 2 for some chosen singlet scalar masses.
Validation of the model is further subjected to the observed total Higgs decay width at LHC [23, 24] . It is shown that the parameter m 2 12 , which has no bearing on the ∆a µ , can now be constrained from the from upper bound on the triple scalar coupling involved in the decay of SM like Higgs to a pair of singlet scalars h 0 → S 0 S 0 . The observed total decay width of SM like Higgs h 0 restricts this additional channel and put a upper limit on the partial decay width, which has been shown in figures 3 and 4. We have found that in the probed region of interest for singlet scalar mass, m 2 12 greater than 100 GeV 2 and less than 0 GeV 2 are forbidden.
We augment our analysis by including a fermionic DM candidate χ and compute the relic density which are depicted in figures 5a and 5b for m 2 12 = 30 and 50 GeV 2 respectively. The parameter sets chosen corresponding to points lying on contours satisfying relic density of 0.119 also fulfil the ∆a µ discrepancy and are consistent with the total Higgs decay width observed at LHC and LEP data.
The scalar portal induced DM interactions are now probed in the Direct-detection experiment by the DM-nucleon scattering propelled through the gluons. The variation of spin-independent scattering cross-sections with the DM mass are shown in figure 6 for m 2 12 = 30 and 50 GeV 2 . It can be seen that most of the parameter space for m S 0 lighter than 10 GeV is excluded by current Direct-detection constraints from PANDA 2X-II and XENON-1T experiments.
The DM annihilation cross-section relevant to the space borne indirect-detection experiments, are shown in figure 7 . We observe that velocity averaged scattering cross-section for the dominant channelχχ → τ + τ − is at least three orders of magnitude lower than the current reach for the DM mass varying between 5 GeV -8 TeV.
This model with the shrunk parameter space after being constrained by low energy experiments, LEP Data, observed total decay width of Higgs at LHC and constrained by dark matter detection experiments can now be tested at the ongoing and upcoming collider searches.
B Decay widths of the singlet scalar S 0
The tree level partial decay widths of the scalar mediator are computed and are given by:
where N c = 1 for leptons and 3 for quarks
The one loop induced partial decay width of the scalar in this model arises mainly from the top quark and is given by
where I is the loop factor coming from the contribution of leptons, quarks , W ± boson and charged scalar(H ± ), given by q ξ S 0 q Q 2
The integrals are defined in terms of dimensionless parameter λ i = m 2 i /m 2 S 0 and its function f (λ) as
The integrals are given as
The integral I can be approximated analytically at two extreme limits and defined as
C Thermally averaged scattering cross-sections
We compute the thermal averaged annihilation cross-section of the fermionic DM via the singlet scalar portal S 0 to the SM final states. These processes contributes to the relic density of the universe and are directly used in computing the annihilation cross-section for indirect detection of the DM.
x−1 and the cross-section arises mainly from the top quark triangle loop
where C S 0 H i H j are the tri-linear scalar couplings given in the Appendix D; c 0 = 1 2 for i=j and c 0 = 1 for i =j ; λ(X, a, b) = X 2 + a 2 + b 2 − 2ab − 2aX − 2bX.
In addition to s-channel processes considered above, we also have contributions to the relic density from t-channel process χχ → S 0 S 0 , given by
D Triple scalar coupling
Here, we extract the triple scalar coupling from the 2-HDM + singlet scalar Lagrangian in the alignment limit. Some of these scalars can be directly constrained from the ongoing experiments at the Colliders. We define dimensionless ratios r 0 = 
